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Final Monitoring Plan for Site Restoration
at Murdock, Nebraska
1  Introduction
1.1  Background
In early 2005, Argonne National Laboratory conducted an Engineering Evaluation/Cost
Analysis (EE/CA; Argonne 2005b) to address carbon tetrachloride contamination identified in
groundwater and surface water at Murdock, Nebraska, approximately 22 mi east-northeast of
Lincoln (Figure 1.1). The EE/CA study was performed for the Commodity Credit Corporation of
the U.S. Department of Agriculture (CCC/USDA), as the technical basis for a proposed removal
action for the Murdock site. The EE/CA was conducted in compliance with an Administrative
Order on Consent issued for Murdock by the U.S. Environmental Protection Agency (EPA
1991).
Three removal action alternatives were examined through the use of site-specific data and
predictive simulations of groundwater flow and contaminant transport performed with calibrated
numerical models. The alternatives were evaluated individually and compared against
performance criteria established under the National Oil and Hazardous Substances Pollution
Contingency Plan and the Comprehensive Environmental Response, Compensation, and
Liability Act (CERCLA). On the basis of these evaluations, an alternative employing
phytoremediation in conjunction with seasonal groundwater extraction and treatment by spray
irrigation was recommended by the CCC/USDA to permanently reduce the carbon tetrachloride
contaminant levels in groundwater and surface water at the site.  The proposed alternative is
being implemented in cooperation with the EPA.
Under the direction of the CCC/USDA and the EPA, implementation of the chosen
removal action occurred in phases, beginning in April 2005. Installation of all the required
remediation systems was completed by the end of August 2005.
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Specific technical objectives of the removal action are as follows:
• To eliminate pathways for potential human exposure to carbon tetrachloride
concentrations above the regulatory limit of 44.2 µg/L in surface water at the
site.
• To minimize or eliminate any detrimental environmental impacts of carbon
tetrachloride discharge to the surface waters of a tributary creek located
immediately north of the town.
• To permanently reduce carbon tetrachloride concentrations in the groundwater
and surface water at Murdock and hence restore these resources for potential
beneficial use.
To evaluate the effectiveness of the selected remedy and its ability to achieve the
objectives specified for this site, monitoring is required. This document outlines the proposed
scope of a long-term program for monitoring of the removal action at Murdock. In this section
the specific remedial objectives of the action are summarized, and a brief overview of the chosen
remedy is provided. Section 2 summarizes the results of a baseline sampling event that
documented the distribution of carbon tetrachloride contamination in selected media at the
Murdock site immediately before cleanup activities began. Section 3 recommends a strategy for
subsequent monitoring of the removal action at Murdock, as well as criteria for evaluating the
performance of the remedial systems and the progress of the restoration effort.
1.2  Overview of the Removal Action Components
The removal action implemented at Murdock involves several innovative technologies
used in sequence along the plume migration pathway to decrease carbon tetrachloride levels in
groundwater and in water naturally discharged to the surface at the headwaters of a small creek
(a tributary to Pawnee Creek) north of the town. The primary elements of this system are (1) a
groundwater extraction well and treatment unit, (2) a phytoremediation planting area, and
(3) constructed wetlands (Figure 1.2).
A groundwater extraction well (GWEX-1) has been installed to remove contaminated
groundwater from the upgradient, more concentrated portion of the plume. GWEX-1 is operated
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seasonally at an estimated pumping rate of 35 gpm. A specially designed spray treatment
apparatus (Figure 1.3) simultaneously volatilizes carbon tetrachloride from the produced
groundwater and irrigates property owned by the Elmwood-Murdock Public School system.
Selected vegetation types planted in the headwaters area of the tributary creek reduce
carbon tetrachloride concentrations in the relatively shallow groundwater and surface waters via
phytoremediation processes. Approximately 2,000 trees, representing six species (Niobe willow,
black willow, eastern cottonwood, hybrid poplar, green ash, and northern catalpa), cover an area
of approximately 4.5 acres (Figures 1.2 and 1.4). Removal of the carbon tetrachloride occurs as a
result of uptake, transpiration, and volatilization of the contaminated groundwater by the trees
and degradation of the carbon tetrachloride within the plant tissues, as well as via enhanced
microbial activity in the root zone created by the plantings. At locations where the static
groundwater level is typically more than 4–5 ft below ground level (BGL), in the “deep” planting
zone (Figure 1.2), a special technique was used to plant the trees in 24-in.-diameter boreholes
lined with plastic sleeves. This “tree well” technique limits the availability of shallow soil water
and direct precipitation to the trees, and hence it promotes vertical root growth and uptake of the
deeper contaminated groundwater. In the remaining “surface” planting zone (Figure 1.2), the
trees were installed without borehole liners to give the roots access to contaminated groundwater
typically encountered at depths of less than 4 ft BGL.
Additional vegetation, including a mixture of native prairie grasses, wildflowers, and
other species, was planted between the trees and in the adjacent areas. These cover plantings
(1) enhance erosion control, (2) intercept local precipitation and runoff and hence promote the
uptake of deeper contaminated groundwater by the trees, (3) help protect the trees from physical
damage, (4) provide a transitional buffer zone between the tree planting area and the surrounding
croplands, and (5) create a barrier to herbicide drift.
Shallow wetlands constructed downstream from the main planting area provide an
additional phytoremediation “polishing” stage for the water discharged to the tributary creek
(Figures 1.2 and 1.5). By increasing the local residence time and surface exposure area of the
flow entering the downstream portion of the tributary, the wetlands promote further carbon
tetrachloride evaporation and degradation by water-loving plants and associated microbes.
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FIGURE 1.2  Locations of the GWEX-1 well, the spray irrigation treatment area, the shallow and deep phytoremediation planting areas, and the
constructed wetlands at Murdock, with the location of the former CCC/USDA grain storage facility. Source of photograph: NAIP (2003).
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F I G U R E 1.3  Traveling spray irrigation unit used to process groundwater pumped seasonally from extraction well GWEX-1 at Murdock.
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FIGURE 1.4  Distribution of trees planted in the southwestern portion of the phytoremediation treatment area at Murdock, at the headwaters
of the tributary creek (July 2005).
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FIGURE 1.5  Southwestern portion of the wetlands treatment area, shortly after construction and grading of the wetlands basin (fall 2005).
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2  Baseline Sampling Studies
An initial event to collect samples for analyses for volatile organic compounds (VOCs)
was conducted at Murdock in July 2005, shortly after the groundwater extraction system was
installed and the main phytoremediation areas were planted. This sampling was performed to
(1) provide a current “snapshot” of the carbon tetrachloride distribution in the previously
identified groundwater plume and the surface waters at the headwaters of the tributary creek and
(2) establish baseline data for future comparisons that will permit evaluation of the performance
of the remedial systems implemented at the site and progress toward restoration of the Murdock
aquifer.
The July 2005 sampling activities included (1) groundwater and surface water sampling
throughout the area affected by the carbon tetrachloride plume, (2) tissue sampling of the newly
planted vegetation in the phytoremediation area, and (3) ambient air sampling in the planted and
preexisting vegetated areas along the tributary creek. The results of these analyses are
summarized below.
2.1  Groundwater Analysis Results
To determine current levels of carbon tetrachloride contamination in the upgradient
portion of the groundwater plume, groundwater samples for VOCs analyses were collected at
nine permanent observation locations along and south of Waverly Road (MW2, SB63–SB65,
SB68–SB72), as well as at GWEX-1 (Figure 2.1). These observation points were installed during
previous work at Murdock to facilitate periodic sampling along both the approximate central axis
of the identified groundwater plume and near its lateral margins. At each of these locations, a
cluster of two or more borings provides vertical resolution of the contaminant distribution within
the plume. Construction information for these selected observation points, as well as for the full
suite of permanent observation points available at the Murdock site, is summarized in
Appendix A.
To complement the preexisting observation points, 15 new permanent observation wells
were installed at 9 locations near the headwaters of the tributary creek north of Waverly Road,
both in and adjacent to the phytoremediation planting area (Figure 2.1). Well clusters PMW1,
PMW2, PMW9, and PMW3 were installed along a linear trend roughly following the central
path of groundwater flow and contaminant migration toward the tributary creek. Wells
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PMW4–PMW7 are located on an approximate transect across the contaminant plume in the area
where groundwater discharge to the creek has been consistently observed, and well PMW8 is
near the identified downgradient erosional limit of the Murdock aquifer (Argonne 2005a).
Construction data and well registration information for these wells are in Appendix A.
The results of the groundwater analyses are summarized in Table 2.1, and the maximum
carbon tetrachloride level detected at each sampling location is illustrated in Figure 2.2. The
general configuration of the carbon tetrachloride plume shown in Figure 2.2 is consistent with
measurements made in 2002 and 2004 (Argonne 2005a). The present data, however, provide a
more detailed picture of the carbon tetrachloride distribution in the headwaters area of the
tributary creek. Concentrations of carbon tetrachloride above 1,000 µg/L were detected at
monitoring wells PMW1D and PMW2D, indicating that along the axis of the carbon
tetrachloride plume, highly elevated levels of the contaminant are now approaching the
phytoremediation planting area.
Two additional groundwater samples were collected from within the root system at two
of the deep tree planting locations (W410 and W103, Figure 2.2), through vertical ventilation
tubes installed for root aeration in each of the tree wells. Carbon tetrachloride was found at tree
well W410 but was not detected at tree well W103 (Table 2.1). These results suggest that some
uptake of contaminated groundwater by the trees at W410 began before baseline sampling. The
high ratio of chloroform to carbon tetrachloride (31 µg/L versus 38 µg/L, respectively) at this
location suggests that some degradation of carbon tetrachloride also preceded the baseline
sampling.
2.2  Surface Water Analysis Results
One surface water sample was collected, at location SWP13 (Figure 2.2). The estimated
carbon tetrachloride concentration for this sample (351 µg/L; Table 2.1) was similar to levels
detected at this location in 2004 (Argonne 2005a). Earlier periodic sampling at this location
consistently identified SWP13 as the approximate point of maximum carbon tetrachloride
discharge (on the basis of measured concentrations) to the surface waters of the tributary creek.
Monitoring Plan for Murdock, Nebraska
Version 00, 11/11/05 2-3
TABLE 2.1  Results of organic analyses on groundwater and surface water samples
collected in the baseline sampling at Murdock, Nebraska, in July 2005.
Concentration (µg/L)
Location Sample Depth (ft BGL)
Sample
Date
Carbon
Tetra-
chloride
Chloro-
form
Groundwater samples     
2S MU2S-W-18308 70.5–80.5 7/18/05 85 2.5
2D MUD2-W-18344 85–95 7/22/05 10 3.4
SB63S MUSB63S-W-18338 23–38 7/21/05 NDa ND
SB63D MUSB63D-W-18337 36.5–51.5 7/21/05 11 ND
SB64S MUSB64S-W-18343 30–50 7/22/05 5.2 0.7 Jb
SB64M MUSB64M-W-18341 48.5–68.5 7/22/05 1.2 0.2 J
SB64D MUSB64D-W-18340 67–87 7/22/05 0.6 J ND
SB65S MUSB65S-W-18335 23.7–38.7 7/21/05 ND ND
SB65D MU65D-W-18309 38–53 7/18/05 201 1
SB68S MUSB68S-W-18059 49–56.5 7/21/05 568 6
SB68M MUSB68M-W-18060 57.2–67.2 7/21/05 1013 12
SB68D MUSB68D-W-18061 67.8–77.8 7/21/05 5.4 ND
SB69M MUSB69M-W-18062 51.9–61.9 7/21/05 845 9.8
SB69D MUSB69D-W-18063 62.2–72.2 7/21/05 111 3.6
SB70S MUSB70S-W-18064 50.8–58.3 7/21/05 128 4.1
SB70M MUSB70M-W-18065 58.4–68.4 7/21/05 65 1
SB70D MUSB70D-W-18066 68.9–78.9 7/21/05 0.5 J ND
SB71S MUSB71S-W-18072 53.1–60.6 7/21/05 579 6.5
SB71D MUSB71D-W-18073 70–80 7/21/05 3.2 0.3 J
SB72S MUSB72S-W-18069 49–56.5 7/21/05 1.3 ND
SB72M MUSB72M-W-18070 59.7–69.7 7/21/05 1.5 ND
SB72D MUSB72D-W-18071 70–80 7/21/05 1.5 ND
GWEX-1 MUGWEX-W-18312 47–77 7/18/05 205 2.3
TEST-1 MUTEST1-W-18311 60–65 7/18/05 81 49
PMW1S MUPMW1S-W-18318 4.6–14.6 7/19/05 9.4 0.4 J
PMW1D MUPMW1D-W-18313 24.6–34.6 7/19/05 1233 5.2
PMW2SB MUPMW2SB-W-18334 4.6–14.6 7/21/05 377 6.4
PMW2D MUPMW2D-W-18314 19.6–29.6 7/19/05 1564 4.8
PMW3S MUPMW3S-W-18331 4.5–14.5 7/21/05 394 2.4
PMW3D MUPMW3D-W-18316 19.5–24.5 7/19/05 801 4.9
PMW4 MUPMW4-W-18321 19.5–24.5 7/20/05 52 1.8
PMW5 MUPMW5-W-18322 4.5–14.5 7/20/05 118 1
PMW6 MUPMW6-W-18333 4.5–14.5 7/21/05 9.6 0.4 J
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TABLE 2.1  (Cont.)
Concentration (µg/L)
Location Sample Depth (ft BGL)
Sample
Date
Carbon
Tetra-
chloride
Chloro-
form
      
Groundwater samples  (Cont.)
    
PMW7 MUPMW7-W-18332 14.5–19.5 7/21/05 3.5 0.6 J
PMW8 MUPMW8-W-18323 4.5–14.5 7/20/05 23 0.8 J
PMW9S MUPMW9S-W-18328 5–9 7/20/05 10 14
PMW9M MUPMW9M-W-18329 11–15 7/20/05 60 2
PMW9D MUPMW9D-W-18315 20–30 7/20/05 4.6 0.9 J
W103 MU578-W-18260 5.66–7.78 7/19/05 ND ND
W410 MUTW444-W-18261 Unknown 7/25/05 38 31
Surface water samples
SWP13 MUSWP13-W-18068 - 7/21/05 351 Cc 10
a ND, contaminant not detected at an instrument detection limit of 0.1 µg/L.
b Qualifier J indicates an estimated concentration below the method quantitation limit of 1 µg/L.
c Qualifier C indicates an estimated concentration outside the calibration range for carbon
tetrachloride at zero dilution; insufficient sample for reanalysis at dilution.
2.3  Plant Tissue Analysis Results
As noted in Section 1.2, the vegetation planted in the phytoremediation area is expected
to take up, transpire, and degrade carbon tetrachloride as the plants take root and mature.
Previous sampling of preexisting natural vegetation along the tributary creek (Argonne 2005b)
indicated that these processes should result in elevated levels of carbon tetrachloride in plant
tissues over time. To obtain baseline data, plant tissue samples were collected from new trees in
the phytoremediation area and analyzed for VOCs.
The vegetation sampling included all six species of trees. Sampling occurred in every
other row, at every fourth or fifth tree in the sampled row. Background samples were collected at
two locations in nearby areas that have not been affected by the groundwater plume. Samples of
branches and leaves collected in July 2005 were analyzed by a headspace technique based on a
modification of EPA Method 5021-1 (http://www.epa.gov/epahome/index/). The concentrations
of carbon tetrachloride and chloroform in the plant tissue samples are summarized in Table 2.2,
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TABLE 2.2  Results of organic analyses on vegetation samples
collected in the baseline sampling at Murdock, Nebraska,
in July 2005.
Concentration
(µg/kg)
Carbon
Sample Tetra- Chloro-
Location Samplea Date chloride form
Samples in planting zones
E101 MU-593-B-18379 7/19/05  NDb 1.7
E101 MU-593-L-18378 7/19/05 ND 1.3
E106 MU-598-B-18381 7/19/05 ND 1.5
E106 MU-598-L-18380 7/19/05 ND 3.5
E111 MU-603-B-18383 7/19/05 < 1c 2.1
E111 MU-603-L-18382 7/19/05 ND 1.3
E116 MU-608-B-18385 7/19/05 ND ND
E116 MU-608-L-18384 7/19/05 ND ND
E121 MU-613-B-18387 7/19/05 ND ND
E121 MU-613-L-18386 7/19/05 ND 3.4
E126 MU-618-B-18389 7/19/05 ND ND
E126 MU-618-L-18388 7/19/05 ND ND
E129 MU-633-B-18395 7/19/05 ND ND
E129 MU-633-L-18394 7/19/05 ND 3.2
E245 MU-638-B-18397 7/19/05 ND ND
E245 MU-638-L-18396 7/19/05 ND 1.3
E304 MU-690-B-18483 7/19/05 ND 1.1
E304 MU-690-L-18482 7/19/05 ND 3.4
E309 MU-695-B-18485 7/19/05 43.2 12.3
E309 MU-695-L-18484 7/19/05 ND 2.0
E314 MU-700-B-18487 7/19/05 ND 2.6
E314 MU-700-L-18486 7/19/05 ND 2.2
E319 MU-705-B-18489 7/19/05 ND 1.4
E319 MU-705-L-18488 7/19/05 ND ND
E324 MU-710-B-18491 7/20/05 ND 2.3
E324 MU-710-L-18490 7/20/05 ND 1.3
E329 MU-715-B-18493 7/20/05 ND < 1
E329 MU-715-L-18492 7/20/05 ND < 1
E340 MU-720-B-18495 7/20/05 ND 3.1
E340 MU-720-L-18494 7/20/05 ND 1.8
E345 MU-725-B-18497 7/20/05 ND 2.1
E345 MU-725-L-18496 7/20/05 ND 3.0
E438 MU-623-B-18391 7/19/05 ND 2.0
E438 MU-623-L-18390 7/19/05 ND ND
E502 MU-789-B-18499 7/20/05 ND 3.0
E502 MU-789-L-18498 7/20/05 ND 1.3
E507 MU-794-B-18501 7/20/05 ND 1.5
E507 MU-794-L-18500 7/20/05 ND 2.7
E512 MU-799-B-18503 7/20/05 ND 2.7
E512 MU-799-L-18502 7/20/05 ND ND
E517 MU-804-B-18505 7/20/05 ND ND
E517 MU-804-L-18504 7/20/05 ND 2.0
E522 MU-809-B-18507 7/20/05 ND 1.5
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TABLE 2.2  (Cont.)
Concentration
(µg/kg)
Carbon
Sample Tetra- Chloro-
Location Samplea Date chloride form
Samples in planting zones (Cont.)
E522 MU-809-L-18506 7/20/05 ND 2.6
E527 MU-814-B-18509 7/20/05 ND < 1
E527 MU-814-L-18508 7/20/05 ND ND
E532 MU-819-B-18511 7/20/05 ND ND
E532 MU-819-L-18510 7/20/05 ND 3.5
E537 MU-824-B-18513 7/20/05 ND ND
E537 MU-824-L-18512 7/20/05 ND 1.6
E542 MU-829-B-18515 7/20/05 ND 1.6
E542 MU-829-L-18514 7/20/05 ND 1.2
E547 MU-834-B-18517 7/20/05 ND 1.2
E547 MU-834-L-18516 7/20/05 ND ND
E550 MU-839-B-18519 7/20/05 ND ND
E550 MU-839-L-18518 7/20/05 ND ND
E555 MU-844-B-18521 7/20/05 ND 2.9
E555 MU-844-L-18520 7/20/05 ND 2.0
E557 MU-Corn846-B-18555 7/20/05 ND ND
E557 MU-Corn846-L-18554 7/20/05 ND ND
E659 MU-849-B-18523 7/20/05 ND ND
E659 MU-849-L-18522 7/20/05 ND 3.3
E700 MU-911-B-18551 7/20/05 ND ND
E700 MU-911-L-18550 7/20/05 ND ND
E705 MU-916-B-18549 7/20/05 ND ND
E705 MU-916-L-18548 7/20/05 ND 1.2
E710 MU-921-B-18547 7/20/05 ND ND
E710 MU-921-L-18546 7/20/05 ND < 1
E715 MU-926-B-18545 7/20/05 ND ND
E715 MU-926-L-18544 7/20/05 ND 1.3
E720 MU-931-B-18543 7/20/05 ND ND
E720 MU-931-L-18542 7/20/05 ND ND
E725 MU-936-B-18541 7/20/05 ND 2.5
E725 MU-936-L-18540 7/20/05 ND 2.9
E730 MU-941-B-18539 7/20/05 ND 3.0
E730 MU-941-L-18538 7/20/05 ND 2.5
E735 MU-946-B-18537 7/20/05 ND ND
E735 MU-946-L-18536 7/20/05 ND ND
E740 MU-951-B-18535 7/20/05 ND 1.1
E740 MU-951-L-18534 7/20/05 ND 2.7
E758 MU-993-B-18553 7/20/05 ND < 1
E758 MU-993-L-18552 7/20/05 ND ND
E845 MU-1087-B-18533 7/20/05 ND ND
E845 MU-1087-L-18532 7/20/05 ND < 1
E858 MU-1082-B-18531 7/20/05 ND 2.1
E858 MU-1082-L-18530 7/20/05 ND 1.3
E862 MU-1078-B-18529 7/20/05 ND ND
E862 MU-1078-L-18528 7/20/05 ND ND
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TABLE 2.2  (Cont.)
Concentration
(µg/kg)
Carbon
Sample Tetra- Chloro-
Location Samplea Date chloride form
Samples in planting zones (Cont.)
E866 MU-1072-B-18527 7/20/05 ND 1.6
E866 MU-1072-L-18526 7/20/05 ND ND
E871 MU-1067-B-18525 7/20/05 ND ND
E871 MU-1067-L-18524 7/20/05 ND ND
W103 MU-578-B-18373 7/19/05 ND ND
W103 MU-578-L-18372 7/19/05 ND < 1
W107 MU-588-B-18377 7/19/05 ND 1.8
W107 MU-588-L-18376 7/19/05 ND 1.4
W111 MU-584-B-18375 7/19/05 3.2 4.3
W111 MU-584-L-18374 7/19/05 ND 1.3
W114 MU-563-B-18367 7/19/05 < 1 2.1
W114 MU-563-L-18366 7/19/05 ND ND
W119 MU-558-B-18365 7/19/05 1.5 2.7
W119 MU-558-L-18364 7/19/05 ND ND
W124 MU-553-B-18363 7/19/05 3.9 3.4
W124 MU-553-L-18362 7/19/05 ND ND
W129 MU-548-B-18361 7/19/05 3.0 2.9
W129 MU-548-L-18360 7/19/05 ND ND
W134 MU-543-B-18359 7/19/05 < 1 < 1
W134 MU-543-L-18358 7/19/05 ND ND
W139 MU-538-B-18357 7/19/05 ND ND
W139 MU-538-L-18356 7/19/05 ND 1.2
W144 MU-533-B-18355 7/19/05 ND 1.5
W144 MU-533-L-18354 7/19/05 ND 1.7
W148 MU-529-B-18353 7/19/05 ND < 1
W148 MU-529-L-18352 7/19/05 ND 1.8
W153 MU-524-B-18351 7/19/05 ND ND
W153 MU-524-L-18350 7/19/05 ND 2.8
W158 MU-519-B-18349 7/19/05 < 1 ND
W158 MU-519-L-18348 7/19/05 ND ND
W203 MU-573-B-18371 7/19/05 ND ND
W203 MU-573-L-18370 7/19/05 ND ND
W210 MU-568-B-18369 7/19/05 3.7 ND
W210 MU-568-L-18368 7/19/05 ND ND
W303 MU-462-B-18425 7/19/05 ND ND
W303 MU-462-L-18424 7/19/05 ND ND
W308 MU-467-B-18427 7/19/05 ND ND
W308 MU-467-L-18426 7/19/05 ND 1.4
W361 MU-301-B-18445 7/19/05 ND ND
W361 MU-301-L-18444 7/19/05 ND ND
W402 MU-452-B-18421 7/19/05 ND 1.1
W402 MU-452-L-18420 7/19/05 ND ND
W407 MU-447-B-18419 7/19/05 < 1 1.5
W407 MU-447-L-18418 7/19/05 ND 3.5
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TABLE 2.2  (Cont.)
Concentration
(µg/kg)
Carbon
Sample Tetra- Chloro-
Location Samplea Date chloride form
Samples in planting zones (Cont.)
W412 MU-442-B-18417 7/19/05 ND ND
W412 MU-442-L-18416 7/19/05 ND 1.3
W417 MU-437-B-18415 7/19/05 < 1 < 1
W417 MU-437-L-18414 7/19/05 ND ND
W422 MU-432-B-18413 7/19/05 < 1 1.7
W422 MU-432-L-18412 7/19/05 ND 5.0
W427 MU-427-B-18411 7/19/05 < 1 1.6
W427 MU-427-L-18410 7/19/05 ND 1.1
W432 MU-422-B-18409 7/19/05 ND 1.6
W432 MU-422-L-18408 7/19/05 ND ND
W437 MU-417-B-18407 7/19/05 ND ND
W437 MU-417-L-18406 7/19/05 ND < 1
W442 MU-412-B-18405 7/19/05 ND ND
W442 MU-412-L-18404 7/19/05 ND ND
W447 MU-407-B-18403 7/19/05 ND ND
W447 MU-407-L-18402 7/19/05 ND 1.6
W452 MU-402-B-18401 7/19/05 ND ND
W452 MU-402-L-18400 7/19/05 ND ND
W457 MU-397-B-18399 7/19/05 ND ND
W457 MU-397-L-18398 7/19/05 ND 2.0
W505 MU-338-B-18429 7/19/05 ND < 1
W505 MU-338-B-18561 7/20/05 ND < 1
W505 MU-338-L-18428 7/19/05 ND 1.7
W505 MU-338-L-18560 7/20/05 ND 2.0
W601 MU-331-B-18433 7/19/05 ND 1.4
W601 MU-331-L-18432 7/19/05 ND < 1
W606 MU-326-B-18435 7/19/05 < 1 1.2
W606 MU-326-L-18434 7/19/05 ND < 1
W611 MU-321-B-18437 7/19/05 ND ND
W611 MU-321-L-18436 7/19/05 ND 1.2
W616 MU-316-B-18439 7/19/05 < 1 1.8
W616 MU-316-L-18438 7/19/05 ND 1.9
W621 MU-311-B-18441 7/19/05 ND 1.1
W621 MU-311-L-18440 7/19/05 ND ND
W626 MU-306-B-18443 7/19/05 ND 1.1
W626 MU-306-L-18442 7/19/05 ND 1.1
W636 MU-296-B-18447 7/19/05 ND ND
W636 MU-296-L-18446 7/19/05 ND ND
W641 MU-291-B-18449 7/19/05 ND ND
W641 MU-291-L-18448 7/19/05 ND ND
W646 MU-286-B-18451 7/19/05 ND 1.2
W646 MU-286-L-18450 7/19/05 ND 1.8
W651 MU-281-B-18453 7/19/05 ND ND
W651 MU-281-L-18452 7/19/05 ND ND
W656 MU-276-B-18455 7/19/05 ND ND
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TABLE 2.2  (Cont.)
Concentration
(µg/kg)
Carbon
Sample Tetra- Chloro-
Location Samplea Date chloride form
Samples in planting zones (Cont.)
W656 MU-276-L-18454 7/19/05 ND 1.8
W801 MU-133-B-18481 7/19/05 ND ND
W801 MU-133-L-18480 7/19/05 ND ND
W806 MU-128-B-18479 7/19/05 ND < 1
W806 MU-128-L-18478 7/19/05 ND 2.0
W810 MU-123-B-18477 7/19/05 ND ND
W810 MU-123-L-18476 7/19/05 ND 1.4
W815 MU-118-B-18475 7/19/05 ND ND
W815 MU-118-L-18474 7/19/05 ND ND
W820 MU-113-B-18473 7/19/05 ND ND
W820 MU-113-L-18472 7/19/05 ND 2.7
W825 MU-108-B-18471 7/19/05 ND 1.1
W825 MU-108-L-18470 7/19/05 ND 1.5
W830 MU-103-B-18469 7/19/05 ND 1.1
W830 MU-103-L-18468 7/19/05 ND 1.8
W835 MU-98-B-18467 7/19/05 ND 1.0
W835 MU-98-L-18466 7/19/05 ND ND
W840 MU-227-B-18465 7/19/05 ND 1.1
W840 MU-227-L-18464 7/19/05 ND 1.9
W845 MU-222-B-18463 7/19/05 ND 3.7
W845 MU-222-L-18462 7/19/05 ND 2.9
W849 MU-217-B-18461 7/19/05 ND < 1
W849 MU-217-L-18460 7/19/05 ND 1.8
W854 MU-212-B-18459 7/19/05 ND 2.0
W854 MU-212-L-18458 7/19/05 ND 2.0
W859 MU-207-B-18457 7/19/05 ND 2.0
W859 MU-207-L-18456 7/19/05 ND 2.3
W908 MU-9-B-18431 7/19/05 ND ND
W908 MU-9-L-18430 7/19/05 ND 1.2
Background samples
Bruttig-1 MU-Bruttig-B-18563 7/20/05 ND 1.3
Bruttig-1 MU-Bruttig-L-18562 7/20/05 ND 1.6
Bruttig-2 MU-Bruttig-B-18565 7/20/05 ND 3.1
Bruttig-2 MU-Bruttig-L-18564 7/20/05 ND 2.2
Bruttig-3 MU-Bruttig-B-18567 7/20/05 ND 2.0
Bruttig-3 MU-Bruttig-L-18566 7/20/05 ND 2.5
Creek-1 MU-WCreek-B-18573 7/20/05 ND ND
Creek-1 MU-WCreek-L-18572 7/20/05 ND ND
Monitoring Plan for Murdock, Nebraska
Version 00, 11/11/05 2-10
TABLE 2.2  (Cont.)
Concentration
(µg/kg)
Carbon
Sample Tetra- Chloro-
Location Samplea Date chloride form
Background samples (Cont.)
Creek-2 MU-WCreek-B-18575 7/20/05 ND < 1
Creek-2 MU-WCreek-L-18574 7/20/05 ND ND
Creek-3 MU-WCreek-B-18577 7/20/05 ND 1.2
Creek-3 MU-WCreek-L-18576 7/20/05 ND 3.1
a Letter “B” in sample identifier indicates branch tissue; letter “L”
indicates leaf tissue.
b ND, contaminant not detected at a quantitation limit of 0.1 µg/kg for
carbon tetrachloride or 0.75 µg/kg for chloroform
c < 1 indicates a concentration of 0.1–0.99 µg/kg for carbon
tetrachloride or 0.75–0.99 µg/kg for chloroform.
and the maximum carbon tetrachloride concentrations identified at each location are shown in
Figure 2.3.
A total of 206 plant tissue samples were collected at 102 locations in the shallow and
deep planting zones. Insignificant headspace concentrations of carbon tetrachloride (< 1 µg/kg)
were found in most of the tissue samples. The results indicated, however, that some uptake of
contaminated groundwater — by Niobe willows at six locations in the surface planting zone —
had already occurred at the time of sampling. The detected carbon tetrachloride concentrations at
these locations were generally low (< 4 µg/kg). The only exception was a concentration of
43.2 µg/kg at location E309 (Figure 2.3).
Twelve plant tissue samples were collected at six locations in two uncontaminated
“background” sites near the phytoremediation area: (1) along the western branch of the tributary
creek and (2) at a private residence (Bruttig) along Waverly Road, east of the plume migration
pathway (Figure 2.3). No carbon tetrachloride was found in these samples. Headspace
concentrations of chloroform ranged from < 1 µg/kg to 3.1 µg/kg, reflecting apparently
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ubiquitous low levels of chloroform in the natural vegetation in the vicinity of the tributary creek
headwaters (Table 2.2).
2.4  Ambient Air Analysis Results
Under the existing preremedial conditions at Murdock, carbon tetrachloride may be
introduced to the ambient air in the creek headwaters area as a result of both direct volatilization
from the groundwater and surface water and via uptake and transpiration by the preexisting
vegetation. The results discussed in Section 2.3 suggest that the phytoremediation plantings had
relatively little impact on ambient air prior to the time of the baseline sampling. Increased
volatilization of carbon tetrachloride to the atmosphere should occur, however, as these plantings
mature.
Ambient air was collected in July 2005 at three locations in the phytoremediation zone
(AM1, AM3, AM4; Figure 2.4) and at one location in the preexisting vegetation (AM2) along
the part of the creek impacted by the carbon tetrachloride plume. A “background” air sample was
also collected outside the plume area, along a waterway about 1,300 ft west of the town and
150 ft south of Waverly Road (AM5; Figure 2.4). The sampling was conducted by placing
preevacuated canisters at 4–5 ft above ground surface (near the vegetation canopy level) and
collecting ambient air over a 4-hr time period. To minimize wind effects, sampling at each
location occurred during the early morning on each of three consecutive days. The air samples
were shipped to Severn-Trent Laboratory in Burlington, Vermont, for VOCs analyses by EPA
Method TO-15. The results are summarized in Table 2.3. The maximum concentrations of
carbon tetrachloride found at each location are shown in Figure 2.4.
The results for the ambient air samples indicate that carbon tetrachloride and chloroform
in the “background” samples (location AM5) were below the detection limits of 1.3 µg/m3 and
0.98 µg/m3, respectively. Air samples collected in the phytoremediation planting area (locations
AM1, AM3, and AM4) also contained no detectable carbon tetrachloride or chloroform, except
that one sample recovered at AM3 on one of the three sampling days had a carbon tetrachloride
concentration at the detection limit of 1.3 µg/m3.
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Air sampling in the preexisting vegetation area was performed at location AM2
(Figure 2.4). Previous sampling by Argonne (2005b) identified high levels of carbon
tetrachloride in the tissues of mature trees growing at this location. The results for all three days
of air sampling at AM2 indicated low concentrations of carbon tetrachloride in the ambient air
near the creek, ranging from 1.4 µg/m3 to 3.5 µg/m3; no chloroform was detected (Table 2.3).
TABLE 2.3  Results of organic analyses on air samples collected on three
consecutive days, at five locations at Murdock, in the baseline sampling
in July 2005.
Concentration on Days 1, 2, and 3
Day 1 Day 2 Day 3
ppbv µg/m3 ppbv µg/m3 ppbv µg/m3
          
Location AM1, between trees W507 and W508
Dichlorodifluoromethane 0.55 2.7 0.59 2.9 0.58 2.9
Chloromethane 0.5 Ua 1 U 0.55 1.1 0.5 U 1 U
Trichlorofluoromethane 0.24 1.3 0.27 1.5 0.28 1.6
Chloroform 0.2 U 0.98 U 0.2 U 0.98 U 0.2 U 0.98 U
Carbon Tetrachloride 0.2 U 1.3 U 0.2 U 1.3 U 0.2 U 1.3 U
Acetone 5 U 12 U 8.6 20 5 U 12 U
Methyl Ethyl Ketone 0.5 U 1.5 U 0.84 2.5 0.52 1.5
Location AM2, in the preexisting trees along the east side of the creek near SWP03,
east of SWP03 and 20 ft west of tree E210
Dichlorodifluoromethane 0.57 2.8 0.57 2.8 0.57 2.8
Chloromethane 0.5 U 1 U 0.5 U 1 U 0.96 2
Trichlorofluoromethane 0.26 1.5 0.27 1.5 0.28 1.6
Chloroform 0.2 U 0.98 U 0.2 U 0.98 U 0.2 U 0.98 U
Carbon Tetrachloride 0.46 2.9 0.22 1.4 0.55 3.5
1,2-Dichloropropane 0.2 U 0.92 U 0.2 U 0.92 U 0.68 3.1
Toluene 0.2 U 0.75 U 0.2 U 0.75 U 0.52 2
Acetone 5 U 12 U 5 U 12 U 11 26
Methyl Ethyl Ketone 0.5 U 1.5 U 0.59 1.7 0.92 2.7
n-Hexane 0.2 U 0.7 U 0.2 U 0.7 U 0.33 1.2
Location AM3, east of the creek between trees E423 and E528
Dichlorodifluoromethane 0.59 2.9 0.58 2.9 0.58 2.9
Chloromethane 0.5 U 1 U 0.51 1.1 0.5 U 1 U
Trichlorofluoromethane 0.26 1.5 0.27 1.5 0.36 2
Chloroform 0.2 U 0.98 U 0.2 U 0.98 U 0.2 U 0.98 U
Carbon Tetrachloride 0.2 1.3 0.2 U 1.3 U 0.2 U 1.3 U
Toluene 0.2 U 0.75 U 0.2 U 0.75 U 0.43 1.6
Methyl Ethyl Ketone 0.59 1.7 0.53 1.6 0.5 U 1.5 U
n-Hexane 0.2 U 0.7 U 0.2 U 0.7 U 0.25 0.88
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TABLE 2.3  (Cont.)
Concentration on Days 1, 2, and 3
Day 1 Day 2 Day 3
ppbv µg/m3 ppbv µg/m3 ppbv µg/m3
          
Location AM4, west of the creek between trees W635 and W636
Dichlorodifluoromethane 0.59 2.9 0.58 2.9 0.6 3
Chloromethane 0.53 1.1 0.5 U 1 U 0.53 1.1
Trichlorofluoromethane 0.26 1.5 0.26 1.5 0.3 1.7
Methylene Chloride 0.5 U 1.7 U 0.5 U 1.7 U 0.77 2.7
Chloroform 0.2 U 0.98 U 0.2 U 0.98 U 0.2 U 0.98 U
Carbon Tetrachloride 0.2 U 1.3 U 0.2 U 1.3 U 0.2 U 1.3 U
Benzene 0.2 U 0.64 U 0.2 U 0.64 U 0.32 1
Toluene 0.2 U 0.75 U 0.2 U 0.75 U 2 7.5
Xylene (m-, p-) 0.2 U 0.87 U 0.2 U 0.87 U 0.33 1.4
Methyl Ethyl Ketone 0.66 1.9 0.67 2 1.7 5
2,2,4-Trimethylpentane 0.2 U 0.93 U 0.2 U 0.93 U 0.25 1.2
n-Hexane 0.2 U 0.7 U 0.2 U 0.7 U 0.8 2.8
Xylene (total) 0.2 U 0.87 U 0.2 U 0.87 U 0.34 1.5
Location AM5, a background monitoring location on the east edge of the waterway,
about 150 ft south from the center of Waverly Road
Dichlorodifluoromethane 0.61 3 0.59 2.9 0.58 2.9
Chloromethane 0.5 U 1 U 0.59 1.2 0.53 1.1
Trichlorofluoromethane 0.26 1.5 0.26 1.5 0.33 1.9
Methylene Chloride 0.5 U 1.7 U 0.5 U 1.7 U 5.7 20
Chloroform 0.2 U 0.98 U 0.2 U 0.98 U 0.2 U 0.98 U
Carbon Tetrachloride 0.2 U 1.3 U 0.2 U 1.3 U 0.2 U 1.3 U
Trichloroethene 0.2 U 1.1 U 0.2 U 1.1 U 0.2 1.1
1,2-Dichloropropane 0.2 U 0.92 U 0.2 U 0.92 U 0.46 2.1
Toluene 0.2 U 0.75 U 0.2 U 0.75 U 6.3 24
Xylene (m-, p-) 0.2 U 0.87 U 0.2 U 0.87 U 0.27 1.2
Styrene 0.2 U 0.85 U 0.2 U 0.85 U 0.21 0.89
Acetone 5 U 12 U 12 29 16 38
Cuclohexane 0.2 U 0.69 U 0.2 U 0.69 U 0.54 1.9
Methyl Ethyl Ketone 0.54 1.6 1.1 3.2 3 8.8
n-Hexane 0.2 U 0.7 U 0.2 U 0.7 U 3.5 12
Xylene (total) 0.2 U 0.87 U 0.2 U 0.87 U 0.28 1.2
a Qualifier U indicates that the contaminant was not detected at indicated reporting
limit.
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FIGURE 2.1  Locations of groundwater and surface water samples collected for volatile organic analyses during the July 2005 baseline sampling
event. Source of photograph: NAIP (2003).
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FIGURE 2.2  Results of analyses for carbon tetrachloride (maximum values) in water samples collected during the July 2005 baseline sampling
event. Source of photograph: NAIP (2003).
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FIGURE 2.3  Results of analyses for carbon tetrachloride (maximum values) in vegetation samples collected in the surface and deep
phytoremediation planting zones during the July 2005 baseline sampling event. Source of photograph: NAIP (2003).
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F I G U R E 2.4  Results of analyses for carbon tetrachloride (maximum values) in ambient air samples
collected during the July 2005 baseline sampling event. Source of photograph: NAIP (2003).
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3  Recommended Monitoring Programs
Restoration of the groundwater and surface waters at Murdock is expected to occur over a
period of approximately 30 yr or more under the selected removal action described in Section 1
(Argonne 2005b). An initial period of approximately 5 yr is expected to be required for the
vegetation introduced in the phytoremediation plantings and constructed wetlands to reach
maturity and hence to attain full design capabilities for the uptake and removal of carbon
tetrachloride from groundwater and surface water. During this initial period, the remedial
effectiveness of the combined treatment systems is therefore expected to increase progressively.
This section outlines two phases of sampling and monitoring of groundwater, surface
water, and remedial systems recommended for the Murdock site. During each phase, the
monitoring efforts are targeted to address the following specific goals, in keeping with the
technical objectives of the removal action outlined in Section 1.1:
• To verify and document the performance of the remediation systems.
• To monitor the migration of the remaining carbon tetrachloride contamination
and evaluate the progress of the site restoration.
• To ensure the protection of human health and the environment.
The sampling and monitoring activities proposed here were developed to provide
technically defensible data of the type and quantity that are generally consistent with removal
actions regulated by the EPA (under CERCLA) or by the Nebraska Department of
Environmental Quality (NDEQ), and that are in keeping with the applicable or relevant and
appropriate requirements identified for the Murdock site in Appendix A of the EE/CA (Argonne
2005b).
3.1  Initial (Five-Year) Sampling and Monitoring
Approximately 5 yr may be required for the phytoremediation and constructed wetlands
components of the Murdock remedial systems to attain their full groundwater and surface water
treatment capacity. During this period, the seasonal patterns of groundwater extraction, spray
irrigation treatment, and use by the Elmwood-Murdock Public Schools will also be generally
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established. Relatively intense sampling and monitoring are therefore proposed to evaluate and
document the performance of these systems for treatment of the carbon tetrachloride
contamination. Additional sampling is recommended to assess the progress of the combined
treatment efforts in reducing carbon tetrachloride concentrations in the groundwater and surface
waters at Murdock. The activities proposed for implementation during the initial (5-yr) period of
monitoring at the site are summarized in Table 3.1.
3.1.1  Monitoring of the Spray Irrigation Treatment System (Groundwater)
With the approval of the EPA and the NDEQ, GWEX-1 and the associated spray
irrigation treatment unit at Murdock are to be operated seasonally, at the discretion of the
Elmwood-Murdock Public School system, for the irrigation of school property. The operations
are to be performed in accord with a statement of discharge requirements issued by the NDEQ
for these facilities (NPDES Tracking No. NE0137464; Appendix B).
In keeping with the NDEQ requirements, samples of the treated groundwater sprayed
from the irrigation unit will be collected quarterly during periods of active use and analyzed for
carbon tetrachloride, chloroform, and pH levels. Procedures to be used for sampling and
analyzing the discharged spray were previously documented (Argonne 2000, 2004). These
procedures are in use at Utica, Nebraska, and are accepted by the NDEQ. The results of the
analyses are to be reported quarterly. Coincident with each spray sampling event, samples of the
untreated groundwater supplied to the treatment unit will also be collected and analyzed for
VOCs to enable determination of the carbon tetrachloride removal efficiency of the spray
irrigation unit.
Cumulative groundwater production from GWEX-1 will be recorded by using a totalizing
flow meter. The results will be used in conjunction with the groundwater and spray analysis data
to estimate the quantities of carbon tetrachloride (and chloroform) removed from the aquifer by
GWEX-1 and treated by the spray irrigation unit.
The NDEQ has identified the outfall from the spray irrigation unit as a land application
(Appendix B). No specific target concentrations for the removal of carbon tetrachloride (or
chloroform) by the spray irrigation treatment unit at Murdock are therefore established in the
NDEQ’s discharge requirements; only the actual concentrations discharged to the surface need to
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TABLE 3.1  Monitoring plan for the Murdock removal action.
Measurement Parameter and Frequency
in Initial Five Years of Monitoringa Long-Term Measurement Parameter and Frequencya
Quarterly Twice Yearly
End of
Five
Years Quarterly Annual
Every
Five
Years
Location
Continuous
Automated
Water
Level
Manual
Water
Level
VOCs in
GW(Sp),
SW
VOCs in Air,
GW(Ph),
GW(Pl), Veg
Geochem
in
GW(Ph)b
VOCs in
GW(Ph),
GW(Pl)
Manual
Water
Level
VOCs in
GW(Sp),
SW
VOCs in
GW(Ph),
Veg
Geochem
in
GW(Ph)b
VOCs in
GW(Ph),
GW(Pl)
Extraction-Spray Irrigation System (Groundwater)
GWEX-1 xc x x
Spray Unit
Discharge xc x
Phytoremediation Treatment Area (Vegetation)
Figure 3.2d x x x
Phytoremediation Treatment Area (Groundwater)
PMW1S x x x x x x
PMW1D x x x x x x
PMW2SA x x x x x x xe x
PMW2D x x x x x x xe x
PMW3S x x x x x x xe x
PMW3D x x x x x x xe x
PMW4 x x x x x x
PMW5 x x x x x x xe x
PMW6 x x x x x x xe x
PMW7 x x x x x x
PMW8 x x x x x x xe x
PMW9S x x x x x x xe x
PMW9M x x x x
PMW9D x x x x x x xe x
W103 x x x x xe x
W410 x x x x xe x
Phytoremediation and Wetlands Treatment Areas (Surface Water)
SWM1 x x
SWM2 x x
SWM3f x x
Phytoremediation and Wetlands Treatment Areas (Ambient Air)g
AA1 x xe
AA2 x xe
AA3 x xe
BA1 x xe
Upgradient Plume Area (Groundwater)
1S, 1D x x x xj
2S, 2D xh xi x x x xj xj
3S, 3D x x x xj
4S, 4D x x x xj
MW06 x x x xj
TEST-1 x x x x xj xj
WP49k x x x
WP51Dk x x
WP54k x x
SB63S, SB63D x x x xj
SB64S,
SB64M, SB64D x x x xj
SB65S, SB65D xh xi x x x xj xj
SB68S,
SB68M, SB68D x x xj xj
SB69M, SB69D x xj
SB70S,
SB70M, SB70D x xj
SB71S,
SB71M, SB71D x x xj xj
SB72S,
SB72M, SB72D
x xj
a Abbreviations: Geochem, geochemistry; GW(Ph), groundwater in phytoremediation area; GW(Pl), groundwater in upgradient plume area; GW(Sp), groundwater
in extraction well–spray irrigation system; SW, surface water; Veg, vegetation; VOCs, volatile organic compounds.
b Measurements will include dissolved oxygen, redox potential, and concentrations of Fe2+ and breakdown products. Additional parameters will be included if
required (see Section 3.1.2).
c Additional measurements will include pH, volume produced, and volume discharged.
d Initial sampling will be in early spring and early fall, at locations depicted in Figure 3.2. Long-term sampling will be in early fall, at selected locations to be
determined.
e Measurements are subject to verification of need during the initial 5-yr monitoring period.
f SWM3 is recommended as the compliance point for overall system discharge. The recommended compliance level is a carbon tetrachloride concentration of
44.2 mg/L in surface water.
g Ambient air sampling will occur in early spring and near the peak of the vegetation growth cycle. Background location BA1 is southwest and
upgradient/upstream of the tributary headwaters area.
h Data logger will be in the deep well at this location.
i Manual measurements will be made in the shallow well at this location.
j Locations are subject to change as the configuration of the groundwater plume evolves over time.
k Critical temporary piezometers for water level monitoring; permission to retain these piezometers is being requested.
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be reported. The NDEQ document qualitatively notes, however, that the discharge may not be
toxic to aquatic life in surface waters of the state outside the mixing zones allowed in NDEQ
Title 117 — Nebraska Surface Water Quality Standard. This standard defines a carbon
tetrachloride concentration of 44.2 µg/L as the maximum acceptable level for the chronic
exposure of aquatic life in surface waters. A maximum target concentration of 44.2 µg/L is
therefore proposed as the quantitative evaluation criterion for assessment of the spray irrigation
treatment system’s performance at Murdock.
3.1.2  Monitoring of the Phytoremediation Treatment System (Groundwater)
Carbon tetrachloride removal from the Murdock aquifer within the phytoremediation
treatment area is expected to occur through the combined effects of
• Hydraulic “pumping” of the contaminated groundwater as a result of plant
uptake,
• Transpiration and degradation of carbon tetrachloride within plant tissues, and
• Enhanced microbial degradation (reductive dechlorination) in the root zone
created by the plants.
The effectiveness of each of these removal processes is expected to increase as the
phytoremediation plantings approach maturity.
Evidence of Hydraulic “Pumping” Effects.  To monitor for direct evidence of hydraulic
“pumping” effects in the phytoremediation area during the developmental period, a water level
measuring network of 16 observation points with automated water level recorders is proposed
(Figure 3.1 and Table 3.1). The recorders will be programmed to collect measurements at a
relatively high frequency (approximately hourly) and will be downloaded quarterly to permit
analysis of the accumulated data. The automated monitoring will facilitate the detection of
potential diurnal or seasonal fluctuations in groundwater levels associated with cyclic use of
water by the plants, as well as potential longer-term, cumulative trends in depression of the local
groundwater levels over time. The results, together with data collected from the weather station
on the site, will serve as the basis for quantitative estimation of groundwater withdrawal rates by
the phytoremediation plantings.
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To further document the patterns of groundwater flow into the phytoremediation
treatment area, the automated water level readings will be supplemented by quarterly manual
measurements at additional permanent observation points across the Murdock site (Table 3.1 and
Appendix A).
Evidence of Carbon Tetrachloride Removal. To verify the removal of carbon tetrachloride
from groundwater by the phytoremediation plantings, a program of vegetation sampling and
analysis for VOCs is proposed. Samples of plant tissues (primarily leaf and stem materials) will
be collected from selected tree locations on an approximate grid pattern (Figure 3.2) designed for
representative coverage of both the surface and deep planting areas and also the range of species
(see Section 1.2) installed at the site. The data will provide a quantitative, comparative basis for
the evaluation of contaminant uptake by the plantings in relation to the initial vegetation
sampling results presented in Section 2.3.
In light of the seasonal growth cycles associated with the phytoremediation plantings,
sampling of the vegetation at approximately six-month intervals is proposed during the initial
(5-yr) monitoring period: (1) in early spring, before the onset of significant plant growth, and
(2) in late summer or early fall, near the end of the growing cycle. Such sampling will minimize
sampling effort and costs but will effectively document the temporal patterns and net annual
effects of carbon tetrachloride uptake and elimination by the phytoremediation system.
Supplemental vegetation sampling may also be conducted at selected times and locations during
the initial monitoring period to document the effects of specific climatic or other environmental
factors on the uptake of carbon tetrachloride by the plantings. The proposed vegetation sampling
will coincide (whenever possible) with GWEX-1 and spray treatment sampling described in
Section 3.1.1 and with the groundwater, surface water, and air sampling activities described in
Sections 3.1.3–3.1.5 (Table 3.1).
Evidence of Enhanced Microbial Degradation. Though microbial activity within the root
zone created by the phytoremediation plantings is expected to augment the removal of carbon
tetrachloride from the groundwater, direct measurement of the microbial activity at regular
intervals is neither easy nor economical.
As a logistically viable alternative, a program of geochemical sampling and analysis of
the groundwater within the phytoremediation area is proposed to monitor the anticipated
development of the reducing/anaerobic conditions required for the microbial degradation of
carbon tetrachloride by reductive dechlorination. This monitoring will include measurements of
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dissolved oxygen content, oxidation-reduction potential, and reduced iron (Fe2+) levels at the
locations listed in Table 3.1 and shown in Figure 3.3, in conjunction with direct analyses for
possible dechlorination daughter products (chloroform, dichloromethane [methylene chloride],
etc.).
If the development of reducing/anaerobic conditions is demonstrated and elevated levels
of daughter products are identified, additional geochemical indicators of anaerobic microbial
activity, including dissolved methane and carbon dioxide levels, nitrate/nitrite ratios, and
sulfate/sulfide ratios, will also be determined. Sampling and analyses for these additional
parameters will also be performed in conjunction with the sampling activities described in
Sections 3.1.3–3.1.5 (Table 3.1).
3.1.3  Monitoring of the Surface Water Treatment Systems
Carbon tetrachloride levels in the surface waters of the tributary creek are expected to
decrease through the effects of multiple processes, including
• Contaminant removal from the influent groundwater as a result of upgradient
extraction by GWEX-1 and treatment in the phytoremediation area;
• Phytoremediation and microbial degradation at and near the surface, in the
phytoremediation and wetlands treatment areas; and
•  Direct evaporation, plus mixing and dilution with uncontaminated
precipitation and runoff, in the phytoremediation and wetlands treatment
areas.
The combined effects of these processes will determine the level of carbon tetrachloride
removal achieved in the effluent surface waters released from the treatment areas to the
downstream reaches of the tributary creek and hence to Pawnee Creek. To quantitatively
evaluate the effectiveness of the processes, surface water sampling for VOCs analyses is
recommended at three critical locations along the tributary creek, as shown in Figure 3.4 (also
Table 3.1).
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Sampling point SWM1, which coincides with the surface water sampling location
previously designated SWP13, lies near the upgradient edge of the phytoremediation treatment
area. As noted in Section 2.2, past sampling at this location consistently demonstrated the highest
levels of carbon tetrachloride detected in surface waters; these levels may therefore be indicative
of the maximum concentrations in groundwater seepage to the headwaters of the tributary creek.
Proposed sampling point SWM2 lies directly downstream of the phytoremediation
planting area (and upstream of the wetlands) and is intended to monitor the reduction in carbon
tetrachloride levels achieved in the phytoremediation treatment zone.
Sampling point SWM3 lies directly downstream of the outfall from the wetlands
treatment zone, and hence it will reflect the final contaminant levels achieved in effluent from
the combined treatment processes. Location SWM3 should be considered the primary point for
quantitative assessment of the net performance of the Murdock treatment efforts, in terms of
achieving carbon tetrachloride concentrations in the surface waters of the tributary creek that
meet regulatory requirements for the protection of human health and the environment. A
maximum target concentration of 44.2 µg/L should be adopted for this discharge, as established
by the NDEQ for surface waters under NDEQ Title 117 — Nebraska Surface Water Quality
Standard.
Quarterly sampling for VOCs is recommended at locations SWM1–SWM3. Sampling at
these points (for two of the events each year) will be timed to coincide with the sampling
activities described in Sections 3.1.2, 3.1.4, and 3.1.5 (Table 3.1).
3.1.4  Monitoring of Contaminant Reduction in the Groundwater Plume
Contaminant reduction in the groundwater carbon tetrachloride plume is expected to
occur through the effects of multiple processes, including
• Contaminant removal as a result of upgradient extraction by GWEX-1 and
downgradient treatment within the phytoremediation area; and
• Evaporation, mixing, dilution, and dispersion of carbon tetrachloride along the
groundwater migration pathway.
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To determine the impact of the removal action efforts on carbon tetrachloride levels in
the plume, twice yearly groundwater sampling for VOCs analyses is recommended (during the
initial 5-yr period) at selected points along the approximate central axis of the groundwater
plume, as well as within the phytoremediation area (Figure 3.5 and Table 3.1). Past sampling
demonstrated that the concentrations detected at these locations typically reflect the maximum
carbon tetrachloride levels identified in groundwater along the plume migration pathway.
Sampling at these points will be performed in conjunction with the sampling activities described
in Sections 3.1.2, 3.1.3, and 3.1.5 (Table 3.1).
At the end of the initial 5-yr monitoring period, groundwater sampling for VOCs analyses
is recommended in the full suite of permanent observation points listed in Table 3.1, to permit
another delineation of the plume in keeping with the past sampling efforts at this site
(documented in Figures 2.9 and 2.10 of the Murdock EE/CA [Argonne 2005b]).
3.1.5  Monitoring of Local Atmospheric Carbon Tetrachloride Levels
Atmospheric sampling and analyses for VOCs conducted as part of the Murdock baseline
studies identified little or no contamination of the ambient atmosphere by carbon tetrachloride
(or chloroform) in the vicinity of the tributary creek headwaters (Section 2.4), despite the
documented uptake of carbon tetrachloride by the natural vegetation in this area (Argonne
2005b). The release of carbon tetrachloride to the atmosphere is expected to increase in the
phytoremediation and wetlands treatment areas, however, as these areas mature. Throughout the
course of the removal action, these treatment areas will remain open to the public for recreational
access and to workers for the required sampling, monitoring, and maintenance activities.
To ensure that potential human exposure levels remain within acceptable levels in the
treatment areas, a program of atmospheric sampling and analysis for VOCs is recommended.
Sampling twice per year (once in early spring, prior to the onset of significant plant growth, and
once near the peak of the seasonal growing cycle) is proposed at four locations (Figure 3.6 and
Table 3.1). Air sampling locations AA1–AA3 are in the shallow and deep planting areas in the
phytoremediation treatment zone and adjacent to the constructed wetlands, along the public
walking paths. A fourth air sampling location (BA1) is at the “background” location sampled
during the baseline studies (AM5 in the former terminology; Section 2.4). Sampling at BA1 will
identify potential changes in atmospheric contaminant levels at Murdock that are unrelated to the
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groundwater and surface water restoration activities near the tributary headwaters. The air
samples will be collected and analyzed by using the procedures described in Section 2.4.
No enforceable regulatory criteria have been promulgated for the evaluation of carbon
tetrachloride contamination in ambient outdoor air in non-occupational settings. Many guidance
values have been developed, however, as maximum acceptable contaminant levels for inhalation
under a variety of exposure scenarios. The Agency for Toxic Substances and Disease Registry’s
intermediate inhalation minimal risk level of 192 µg/m3 (http://www.atsdr.cdc.gov/
toxprofiles/tp30-c2.pdf) is recommended as a conservative target concentration for ambient
outdoor air sampling results. This target concentration is considered to be protective against both
cancer and non-cancer health effects for workers and visitors in the treatment areas near the
creek (EPA 2005).
3.1.6  Reporting of the Monitoring Results
The following reporting schedule is recommended:
• Quarterly reporting of analytical results for the spray irrigation treatment
system monitoring (Section 3.1.1) to the appropriate regulatory agencies, in
keeping with the discharge requirements specified for this activity
(Appendix B).
• Quarterly reporting of analytical results for the surface water monitoring
(described in Section 3.1.3) to the appropriate regulatory agencies to
document the effectiveness of the groundwater and surface water treatment
systems.
• Annual reporting of the full results of the sampling and monitoring programs
(outlined in Sections 3.1.1–3.1.5) for the current year.
•  As requested by the regulatory agencies, brief (data only) accounts of
individual sampling and monitoring activities.
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• At the end of the initial 5-yr monitoring period, a summary report evaluating
the development of the Murdock treatment systems and assessing the
performance of the monitoring programs, with a new plume delineation.
The reporting schedule is summarized in Table 3.2.
3.2  Long-Term Sampling and Monitoring
The sampling and monitoring programs outlined in Section 3.1 will be critically
evaluated at the end of the initial 5-yr development period to (1) determine anticipated needs for
long-term performance monitoring of the Murdock remedial systems and (2) demonstrate the
progress of the removal action toward the ultimate restoration of the site. A detailed long-term
monitoring program will be recommended at that time. The present expectation is that the
specific activities outlined in Section 3.1 will be continued, at the revised sampling frequencies
suggested below and summarized in Table 3.1.
3.2.1  Monitoring of the Spray Irrigation Treatment System and Discharge
The spray irrigation treatment system influent groundwater and effluent spray will
continue to be sampled for VOCs analyses (and results will be reported) quarterly, or on any
amended schedule required for compliance with the regulatory discharge requirements
(Appendix B) established for these activities.
3.2.2  Monitoring of the Phytoremediation Treatment System
Longer-term monitoring of the phytoremediation treatment system is recommended as
follows:
• Quarterly manual water level measurements in the network of observation
points listed in Table 3.1 and Appendix A to document longer-term trends in
groundwater levels.
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TABLE 3.2  Reporting schedule for site restoration monitoring activities at Murdock, Nebraska.
Subject of Report
Frequency in Initial
Five Years
Frequency after
Year Five
Analytical results for spray irrigation system Quarterly Quarterly
Analytical results for surface water monitoring Quarterly Quarterly
Full results of sampling and monitoring for current year Annual Annual
Brief (data only) accounts of individual sampling and monitoring
activities
As requested As requested
Summary evaluation of development and performance, with
plume delineation
At end of five years Does not apply
Full review of monitoring results and evaluation of removal action
progress, with plume delineation
Does not apply Every five years
• Annual vegetation sampling, near the end of the growing season, at locations
to be selected on the basis of the 5-yr reviews described above and in
Section 3.2.6.
• Annual sampling of groundwater at selected locations in the phytoremediation
treatment area for geochemical analyses to verify the persistence of
anaerobic/reducing conditions conducive to the reductive dechlorination of
carbon tetrachloride, if the results of the initial (5-yr) monitoring indicated
that continued testing is warranted.
3.2.3  Monitoring of the Surface Water Treatment Systems and Discharge
Continued quarterly sampling of the surface waters at locations SWM1–SWM3
(Figure 3.4) is recommended, as the primary indicator of the net effectiveness of the groundwater
and surface water treatment systems for restoration of the surface waters discharged to the
tributary creek.
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3.2.4  Monitoring of Contaminant Reduction in the Groundwater Plume
Longer-term groundwater monitoring for VOCs levels is recommended as follows:
•  Annual groundwater sampling at the selected critical observation points
identified in Figure 3.5 and listed in Table 3.1.
• At 5-yr intervals, groundwater sampling for VOCs analyses in the full suite of
permanent observation points summarized in Table 3.1 to permit redelineation
of the plume.
Modifications to the sampling points identified in Figure 3.5 may be required as the
configuration of the residual plume changes over time. Such modifications will be addressed
with the regulatory agencies as needed during the removal action.
3.2.5  Monitoring of Local Atmospheric Carbon Tetrachloride Levels
The utility of long-term air quality sampling at the Murdock site will be evaluated at the
end of the 5-yr initial monitoring period, in consultation with the regulatory agencies. If
continued monitoring is considered necessary, annual sampling for VOCs analyses, near the peak
of the seasonal growing cycle, is recommended at the locations in the treatment areas and at the
“background” location shown in Figure 3.6.
3.2.6  Reporting of the Monitoring Results
The following reporting schedule is recommended:
• Quarterly reporting of the spray irrigation treatment system sampling and
analysis results for VOCs (subject to the NDEQ discharge requirements in
Appendix B), as well as the results of the surface water sampling and
analyses, to document the ongoing effectiveness of the treatment systems and
to meet regulatory requirements.
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• Annual reporting of the full results of the sampling and monitoring programs
outlined in Sections 3.2.1–3.2.5 during the current year.
• Every 5 yr, full review of the monitoring results and an evaluation of the
progress of the removal action toward restoration of the Murdock site, in
conjunction with the plume delineation sampling proposed in Section 3.2.4.
The reporting schedule is summarized in Table 3.2.
3.3  Summary of Compliance Points and Compliance Values
The following regulatory compliance points and maximum values are recommended for
the Murdock treatment systems, on the basis of the discussions in Sections 3.1.1 and 3.1.3:
• For the groundwater extraction–spray irrigation system, a compliance level
of 44.2 µg/L is recommended for carbon tetrachloride in spray discharge
reaching the ground surface. This level is consistent with the qualitative
requirements specified for the discharge by the NDEQ (Appendix B), and it
reflects the acceptable level for surface waters promulgated under NDEQ
Title 117 — Nebraska Surface Water Quality Standard. The discharge will be
sampled quarterly, and the results will be reported quarterly.
• For the overall remediation systems, the compliance level specified under
NDEQ Title 117 — Nebraska Surface Water Quality Standard is a carbon
tetrachloride concentration of 44.2 µg/L in surface water. The recommended
compliance point is location SWM3, directly downstream of the outfall from
the wetlands treatment zone. Surface water at this location will be sampled
quarterly, and the results will be reported quarterly.
3.4  Investigation Methods
The sampling and analysis methods for ambient air are described in Section 2.4, and the
method for sampling discharge from the spray irrigation system is cited in Section 3.1.1. Other
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investigational activities will be conducted in accordance with procedures defined in the Master
Work Plan (Argonne 2002).
Quality control requirements will be those defined in the Master Work Plan (Argonne
2002), with the added provision that in each sampling event, one sample from each compliance
point (Section 3.3) will be analyzed by a reference laboratory using EPA Contract Laboratory
Program methodology. The purpose will be additional verification of the results from Argonne’s
Applied Geosciences and Environmental Management Laboratory, beyond the usual requirement
of verification analyses for 10% of water samples.
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FIGURE 3.1  Locations proposed for the measurement of groundwater levels through use of automated water level recorders during the initial (five-
year) monitoring period. Source of photograph: NAIP (2003).
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FIGURE 3.2  Approximate locations proposed for the periodic sampling and analysis of vegetation samples for volatile organic compounds during
the initial (five-year) monitoring period. Source of photograph: NAIP (2003).
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F I G U R E 3.3  Locations proposed for the periodic measurement of selected geochemical parameters in
groundwater during the initial (five-year) monitoring period, to identify the anticipated development of
reducing/anaerobic conditions required for the microbial degradation of carbon tetrachloride by reductive
dechlorination. Source of photograph: NAIP (2003).
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F I G U R E 3.4  Locations proposed for the periodic sampling of surface waters for volatile organic analyses
during the initial (five-year) monitoring period. Source of photograph: NAIP (2003).
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FIGURE 3.5  Locations proposed for the periodic sampling of groundwater for volatile organic analyses during the initial (five-year) monitoring
period. Source of photograph: NAIP (2003).
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F I G U R E 3.6  Locations proposed for the periodic sampling of ambient air for volatile organic analyses
during the initial (five-year) monitoring period. Source of photograph: NAIP (2003).
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Well Construction Information
M
onitoring P
lan for M
urdock, N
ebraska
V
ersion 00, 11/11/05
A
-2
First St.
Ka
ns
as
 S
t.
Co
lo
ra
do
 
St
.
N
eb
ra
sk
a 
St
.
Second St.
Third St.
Fourth St.
Fifth St.
W
yo
m
in
g 
St
.
Waverly Road
13
A S
pu
r
Former 
CCC/USDA
Facility
T
rib
utary to
P
a
w
nee Creek
PMW3S/D
PMW1S/D
PMW7
PMW5
PMW6
PMW8
PMW4
PMW2D
PMW2Sa/b
PMW9S/M/D
GWEX-1
3D
3S
2D 2S
MW6
4S4D
1S1D
SB64S/M/D
SB68S/M/D
SB70
S/M
SB69
M/D
SB71
S/M/D
SB65S/DSB63S/D
SB72S/M/D
WP51D*WP54*
WP49*
TEST-1
Sand point well
Monitoring location
Groundwater extraction well
* Critical temporary piezometers 
 for water level monitoring; 
 permission to retain these 
 piezometers is being requested.
10000
Feet
500
FIGURE A.1  Locations of all permanent groundwater observation points at Murdock. Source of photograph: NAIP (2003).
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TABLE A.1  Construction data for permanent observation points
at Murdock, Nebraska.
Screen Interval Well Screen Interval Well
Depth Depth Depth Depth
Location (ft BGL) (ft BGL) Location (ft BGL) (ft BGL)
1S 30–40 40 SB69D 62.2–72.2 72.2
1D 85–95 95 SB70S 50.8–58.3 58.3
2S 70.5–80.5 80.5 SB70M 58.4–68.4 68.4
2D 85–95 95 SB71S 53.1–60.6 60.6
3S 64–74 74 SB71M 60.7–70.7 70.7
3D 80–90 90 SB71D 70–80 80
4S 30–40 40 SB72S 49–56.5 56.5
4D 80–90 90 SB72M 59.7–69.7 69.7
MW6 78–83 83 SB72D 70–80 80
WP49a 67–76 76 PMW1S 4.6–14.6 15
WP51Da 73–76 76 PMW1D 24.6–34.6 35
WP54a 50–59 59 PMW2SA 4.6–14.6 15
TEST-1 51–81 91 PMW2SB 4.6–14.6 15
GWEX-1 47–77 82 PMW2D 19.6–29.6 30
SB63S 23–38 42 PMW3S 4.5–14.5 15
SB63D 36.5–51.5 53.5 PMW3D 19.5–24.5 25
SB64S 30–50 53 PMW4 19.5–24.5 25
SB64M 48.5–68.5 71.5 PMW5 4.5–14.5 15
SB64D 67–87 89 PMW6 4.5–14.5 15
SB65S 23.7–38.7 40.8 PMW7 14.5–19.5 20
SB65D 38–53 55 PMW8 4.5–14.5 15
SB68S 49–56.5 56.5 PMW9S 5–9 9
SB68M 57.2–67.2 67.2 PMW9M 11–15 15
SB68D 67.8–77.8 77.8 PMW9D 19.5–29.5 32
SB69M 51.9–61.9 61.9
a Critical temporary piezometer for water level monitoring; permission to retain this
piezometer is being requested.
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Appendix B:
Nebraska Department of Environmental Quality
Discharge Requirements for the
Murdock Groundwater Treatment System
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